The quantity of blood measured by electrical impedance plethysmography is defined by its resistive effect in parallel to the resistance of other tissue of the segment. By substitution of this parallel resistive value, together with data relative to the resistivity of blood and the length of the segment in the formula for the volume of an electrical conductor, we are able to derive the volume of the pulse in cubic centimeters. It follows that the volume displaced from the venous reservoir and the rate of refilling of the venous reservoir of an extremity may also be determined quantitatively.
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N UMEROUS attempts and methods have been evolved to measure pathologic and functional vascular change in the extremities. Little attention, however, has been given to the quantitative changes recordable by various methods of electrical plethysmography,'-5 which until recently have been difficult to formulate. The current presentation deals principally with the calculation and interpretation of volemic changes in the extremities as they appear measurable by electrical conductivity.
The electrical conductivity method gives a physical measure of the ionic conduction of a given body segment in contrast with electronic conduction characteristic of metallic substances. An attempt will be made to restate and formulate the laws of electrical conduction as they appear applicable to changes within a body segment which is being studied by the passage of a radio frequency current. As has been shown elsewhere,6 transient and static values of electrical conductivity are associated, respectively, with dynamic and balanced conditions of arteriovenous blood volume differences within a given segment. METHOD A differential electrical impedance bridge operating at 150 to 200 kilocycles, as described elsewhere,6 is used as the basic instrument for measurement of small and large variations in volume of the extremities.
In this study, our measurements on human extremities are made with aluminum foil strips 1 cm. wide, mounted on a gummed tape 2 cm. wide. After wetting the foil with a concentrated salt paste (nondrying), the electrodes are applied firmly without preliminary massage or washing. This tends to avoid local circulatory reactions which may modify our measurements. The electrodes are usually applied circumferentially and held loosely by a clip lead to avoid constriction ( fig. 1 ).
There A forearm segment was prepared as usual with two electrodes for resistive studies at a given posture. The arm was allowed to rest in a natural position and Ro was measured by substitution. Ro -RN or AR was recorded at low the initial effect was to produce the wave in the conductivity record opposite region 5. This may have been associated with partial reflux or retrograde flow of venous blood which was not held back by the venous valves above the proximal electrode on the arm.
Thereafter, the return curve was more uniform at region 6 before rising asymptotically toward the baseline at regions 7 and 1. The volume of the arm and the venous reservoir had nearly refilled to the original level at regions 7 and 1, judging from the conductivity curve. Region 6 may be important as a measure of unobstructed filling of the venous reservoir. and 4 of the record.
When the arm was lowered moderately fast, It was estimated from the measurements that the drop in 7 ohms impedance was equivalent to 14.5 cc. of venous outflow from the segment by raising the arm under these given conditions. As the displacement of the segment was about 650 cc., the change in volume was calculated to be 2.23 cc. per 100 cc. of a given arm segment. Other typical results of partially controlled measurement during recumbency of a given subject, arranged according to degree of deviation in volume, are in table 5.
Record B demonstrates how repeated raising and lowering of the arm produces changes in conductivity similar to regions 1 to 7 on record A. N7o attempt to measure these has been made as more rigid controls of activity and posture must be defined in order to quantitate the the events properly.
Electrical MIeasuretnent of Blood Flow lWithoat
Occlusion During Rejillintg of the Venous Reservoir "Exact analysis" of physiologic change has been a difficult, tedious, and ungratifying task a series of preliminary observations (table 6) . Limited body rest, inactivity, recumbency, and a special position for the arm were the controls. Room temperature and time between and during elevations of the extremity, as well as the degree of horizontal elevation of the proximal electrode in relation to the angle of Louis and the body, wvere determined. of measuring "blood flow" in various segments of the extremity by mechanical plethysmography following venous occlusion at the outflow region of a segment.7 ' 13 Taking advantage of the technic described in the previous section of this paper, we recorded At region 6 of the experimental curves ( fig.  4) , we assumed that the fairly uniform rate of change was an index of the rate of flow of blood, refilling the recently collapsed venous reservoir of the arm segment.
We derived the results in table 6 by measuring AR for a portion of slope 6 as representative of the portion of blood volume (AV) which is filling the veins in a given time (AT). It is also necessary to know the equivalent parallel resistance for value AR, as well as the length of the segment and resistivity of the blood. Under these circumstances, substitution of values in equation 2 should permit the calculation for the change in volume (AV). In the illustration ( fig. 4) One basic clue to evaluation of the volume of blood at any given moment in a given segment is its parallel resistive measure. To find this, we must have other data as outlined.
The concept that volume of substance is a direct function of its electrical conductivity is taught in elementary physics of conductors in relation to electronic conduction. There is no justification in believing that it does not apply to ionic conductors, such as the blood. If the blood does not alter too rapidly in its electrolyte and nonelectrolyte ratio, its conductivity should justifiably enter into volume determination as it is directly proportional to the measure of segmental volume.6 It is not difficult to measure in vitro. If the body segment is measured at a given frequency, the blood in vitro relative to the segment should be measured at this frequency unless we have reached the infinite frequency impedance of this tissue with our signals. The physiologic conditions of flowing blood are more difficult to reproduce.
The vascular reactions to drugs, nerve block, arterial and venous occlusion, exercise, posture, anxiety, pleasure, physical agents, trauma, surgery, disease, and stimulation are but a few of the responses which may be carefully evaluated to advantage by electrical impedance methods. Burch's8 sensitive mechanical plethysmograph has already proved to be very useful in this regard, but Goodyerl" has recently pointed out some advantage to the electrical impedance method, although he did not show how to exact the volumetric data from his records in conventional terms.
Recently, Coulter and Pappenheimer'5 have found that turbulence in flowing blood does not influence electrical impedance measurement of blood. Thus blood cells remain oriented in turbulent flow. At low flows, however, the blood viscosity decreases with increasing flow. This effect parallels the observation of Velick and Gorin'6 who observed that the electrical resistance of flowing blood measured in the direction of flow was less than that of blood at rest. At present, we cannot supply a correction for the resistivity of blood, if a correction should be made for its flow or given velocity.
Some of the other major potential disadvantages concerned with conductivity methods are the unknown mean temperatures of the segment and its blood streams. Thermal gradients'7 are present in the arteriovenous vascular system. This presupposes differences in the conductivity of arterial and venous blood of the peripheral segment. In addition to this, the relative velocities ' 3. The parallel resistive value of a given pulse or a shift in segmental blood volume, together with data of the linear dimensions of the segment and the resistive value of the blood are entered into the equation for the volume of an electrical conductor to calculate the quantitative volume of displaced or new blood.
4. The pulse volume is proportional, but not necessarily equal to the true arterial inflow or venous outflow from a segment. It follows that the minute pulse volume is proportional to the segmental blood flow.
a. The physical effect of parallel circuit arrangement of both legs by experiment proves unequivocally the quantitative nature of the segmental blood pulse volume as evaluated by its parallel resistive effect.
6. It appears that the rate of blood flow in a peripheral segment may also be approximated by evaluation of the rate of filling of a previously emptied venous reservoir produced by a change in posture of the segment.
7. The electrical impedance methods appear sufficiently accurate and sensitive to warrant further consideration for application to basic and clinical medical science.
ADDENDUM
Since the original submission of our manuscript, F. H. Bonjer,20 in his thesis "Circulatieonderzoek door Impedantiemeting," has independently correlated the recently published equations' and arrived at the quantitative solution for pulse volume from electrical impedance data on extremity segments, i. Our earliest pulsatile impedance investigations' reported in 1940 were wholly independent of similar contributions published elsewhere.
